The cell cycle of Chlamydomonas eugmetos was synchronized at low cell densities by growing cells under conditions of alternating light and dark periods. Synchronization of the cell cycle was demonstrated by determining cell size, cytokinesis, and release of daughter cells. The microscopic data were in agreement with the accumulation patterns of mRNAs for ribulose bisphosphate carboxylase/oxygenase small subunit, histone H4 and P-tubulin. Cells of C. eugametos secrete a sticky material which enables cells to adhere to a solid substrate during cell division. The secretion of this material was also cell-cycle-regulated and preceded cytokinesis. Recently, it was reported that in synchronous exponential-phase cultures of high cell densities, young daughter cells temporarily behave like gametes during the cell cycle. However, under our growth conditions this was not observed. First, daughter cells did not agglutinate with normal gametes of the opposite mating type. Second, extraction of growing cells did not release any agglutinin activity as measured both by an in uitro agglutination assay and by an agglutinin-specific monoclonal antibody. We conclude therefore that gametogenesis in C. eugametos is not necessarily a normal phase of the cell cycle.
Introduction
The division cycle of Chlamydomonas can be synchronized by alternating light and dark periods (Bernstein, 1960; Surzycki, 1971 ; Lien & Knutsen, 1979; Spudich & Sager, 1980; Donnan et af., 1985 ; McAteer et al., 1985) . Under these conditions, cells divide only during the dark period. Depending on growth conditions, multiple consecutive divisions can occur. Daughter cells are released from the sporangium at the end of the dark period. Synchronization has been used to study cellcycle-dependent phenomena in C. reinhardtii.
Gametogenesis in Chlamydomonas is induced by nitrogen limitation (Sager & Granick, 1954; Kates & Jones, 1964; Schmeisser et al., 1973; Harris, 1989) and results in cells which are able to agglutinate with gametes of the opposite mating type, culminating in cell fusion and zygote formation . Agglutination is caused by molecular recognition of mating-type-specific agglutinins (Versluis et al., 1989) , which are exposed on the flagella.
It was recently shown in our laboratory that in synchronous cultures of C. eugametos, daughter cells behave like gametes for some hours after being released from the mother cell (Zachleder et al., 1991) . It was therefore proposed that a gamete phase forms a regular part of the cell cycle in C. eugametos. However, the cell mass in these cell cultures reached very high values at the end of the light period. We reasoned that this might have led to nutrient limitations resulting in gametogenesis. Because at the beginning of each light period the cell cultures were diluted with fresh medium, it seemed further possible that the gametes formed during the preceding dark period would then dedifferentiate into vegetative cells. We decided therefore to test this hypothesis by using synchronous cell cultures of much lower cell densities and without a dilution step at the beginning of the light period.
Synchronization was studied in terms of start of cytokinesis, zoospore release, cell volume and accumulation of specific mRNAs. Using these culture conditions, no gamete phase during the cell cycle was found. cultivated in Erlenmeyer or Fernbach flasks on a rotary shaker at 23 "C. Light was provided by a high-pressure mercury lamp (Philips HPl/T 400W). The cultures were aerated with 2% (v/v) C 0 2 in air. The growth medium was according to Wiese (1969, containing, per litre: 0.86g Ca(N03) ,.4H20; 0.15 g KNO,; 0.15 g MgS04.7H20; 0-15 g KH,P04; plus 1 ml of a trace elements solution (Sager & Granick, 1954) and 8 p1 of a 60% (w/v) solution of FeCl,. The photon fluence rate at the level of the cultures was 115 pE m-2 s-l. Synchronization was achieved by alternating 16 h light and 8 h dark periods. To improve synchronization, dilute suspensions of cells from agar cultures were pre-cultured for at least three cycles on this regime. Suspension cultures were then diluted from 3 x lo5 to 3 x lo3 cells ml-l, and monitored for 24 h after the second dark period at concentrations below 3 x lo5 cells ml-l in a 1 litre culture volume.
Determination of cell volume. Samples were taken every 2 h during the cell cycle, and fixed with 1.25% (w/v) glutaraldehyde. Cell suspensions were placed in a haemocytometer and images were recorded using a video camera (CCD Philips) mounted on a Zeiss microscope. Images were digitized using the SCIL-Image program (Department of Computer Systems, University of Amsterdam) on an Apollo computer. Between 100 and 900 cells were included for a given time point. Their cross-sectional area and perimeter were measured, and used to determine the ratio between the long and short axis of the cells. The third axis of the ellipsoidal cells was assumed to be equal to the short axis in calculating the cell volume. When both sporangia and daughter cells were present, their mean cell sizes were calculated separately.
RNA isolation. Samples (200 ml) of the cell suspension were taken every 2 h during the cell cycle. Fresh cell pellets (4 x lo7 cells) were resuspended in 0-3 ml0.1 M-Tris/HCl pH 9.0 in 1-5 ml reaction vessels. Phenol (0.4 ml) equilibrated in 0.1 M-Tris/HCl pH 8.0 was added, and then glass beads (500-900 pm diameter) to a final volume of 1.3 ml. The mixture was vortexed for 5 min, and transferred to a glass tube to which 1 ml phenol and 1.5 ml Tris/HCl were added. The contents were briefly vortexed, transferred without the glass beads to two 1.5 ml reaction vessels and centrifuged in a microfuge for 10 min. The supernatant was again extracted twice with phenol and once with phenol/chloroform. Nucleic acids were precipitated with ethanol. The precipitate was dissolved in DEPC-treated demineralized water and LiCl was added to a final concentration of 2 M. The RNA precipitate was dissolved and stored at a concentration of 3.5 mg ml-l at -70 "C.
Northern blot analysis. Total RNA (15 pg) isolated at 2 h intervals during the cell cycle was glyoxylated, separated on a 1 % agarose gel and blotted onto Hybond N filter (Amersham). Blots were hybridized in 50% (v/v) formamide containing hybridization mix at 42 "C (Sambrook et al., 1989), with 32P-labelled probes prepared by the randomprimer method (Feinberg & Vogelstein, 1983) . Final washes were 2 x SSC with 0.1 % (w/v) SDS at 55 "C for heterologous probes. Equal RNA loading was checked by hybridization with a rDNA repeat unit of C. reinhardtii (Marco & Rochaix, 198 1) . Filters were exposed to X-omat AR film (Kodak) at -70 "C using luminescent screens (Dupont).
Assay o f biological activity. The biological activity of mt-agglutinin was determined by the semi-quantitive method described by Musgrave et al. (198 1) . The agglutinin is adsorbed to charcoal particles and causes gametes of the opposite mating type to adhere to such particles and show the same twitching behaviour as observed in agglutinating gametes. A 50 pl sample of a solution was serially diluted, after which 10 p1 of a 1 % (w/v) suspension of activated charcoal was added. The charcoal was washed with water and tested with mt+ gametes. The highest dilution that caused adhesion to the charcoal is the titre of the solution. The total activity is expressed as units (titre x volume of the solution in ml).
Extraction of cells with guanidine thiocyanate. Cells were extracted in ~M -G T C for 1 h at room temperature essentially as described by Musgrave et al. (1981) . The extracted cells were removed by centrifugation at 50000 g for 30 min. Extracts were dialysed against water. After centrifugation at 50000g for 30 min to remove precipitated material, the supernatant was concentrated by filtration over a 30 kDa filter (Amicon).
Total cell extraction. Cells were extracted in 1 % (w/v) SDS for 1 h at room temperature. Acetone was added to 80% (v/v), and the precipitate was pelleted at 10000 g for 15 min. The pellet was dissolved in 10 mM-Tris/HCl pH 7.5, and concentrated by filtration over a 30 kDa filter (Amicon).
Isolation of the agglutinin. Concentrated extracts of zoospores or gametes were analysed by gel filtration essentially as described by Musgrave et al. (1981) and Samson et al. (1987) . Amicon concentrates were fractionated by HPLC gel filtration using a Bio-gel TSK 60 XL (Bio-Rad). The elution buffer was 10 mM-sodium phosphate, 0.1 Msodium sulphate at pH 7.4, and the flow rate was 50 pl min-'. Absorbance was measured at 206nm. The mt-agglutinin elutes at 8.45 ml.
Gel electrophoresis and Western blot analysis.
Lyophilized HPLC fractions were solubilized in sample buffer (10 mM-Tris/HCl pH 7.8, 1 % SDS, 48% urea, 5 % 2-mercaptoethanol [all w/v], 1 mM EDTA, and bromophenol blue) and analysed by SDS-PAGE according to Laemmli (1970) on gels containing a 2.2 to 20% (w/v) acrylamide gradient. Electrophoretic transfer of proteins to Immobihn polyvinylidene difluoride membrane (Millipore) was as described by Towbin et al. (1979) . The blot was blocked for 2 h at 40 "C in PBS (10 mM-phosphate buffer pH 7.3, 150 mM-NaC1) containing 3 % (w/v) bovine serum albumin and 0.5% (w/v) Tween 20. The blot was then incubated in a 1 : 500 dilution of mAb 66.3 (Homan et al., 1988) ascites in PBS with BSA and Tween 20. After 1 h at 20 "C the blot was washed five times in PBS with Tween 20. The bound monoclonal antibody was detected using the peroxidase-Vectastain ABC-kit anti-mouse IgG according to the manufacturer's instructions. After five final washing steps as described above the blot was incubated in 50 mM-acetate buffer pH 4.5, containing 0.5 m~-3-amino-9-ethylcarbazole and 0.03 % (w/v) H202.
After colour development the blot was washed in 50% (v/v) ethanol.
Characterization of the cell cycle
Chlarnydornonas eugarnetos UTEX 10 cells were grown under a 16 h light and 8 h dark regime to achieve synchronization. Cells divided synchronously during the dark period and released an average of eight daughter cells, essentially before the start of the new light period. During the light period, the cells increased in volume, and changed from an ellipsoidal to a spherical shape. A synchronous increase in cell volume was observed, resembling logistic growth. An exponential increase in volume with a doubling time of 4 h occurred between 2.5 h and 12.5 h. At the end of the light period, cells had increased about tenfold in volume, which is also apparent from a comparison of the sizes of sporangia and new zoospores at the end of the cycle (Fig. 1) A striking feature of the C. eugametos cell cycle was the production of a sticky substance (Fig. 2) that causes clustering before mitosis . The percentage of cells surrounded by this material was determined by light microscopy. As the cell cycle proceeded, cells started to cluster, thereby hampering determination of the exact percentage of sticky cells above 75%. Interestingly, the onset of excretion of extracellular material coincided with the decrease in growth of the cells. The production of this material preceded the retraction of the flagella and mitosis (Zachleder et al., 1991) . Fig. 3 shows the synchronized appearance of this material at 30 min intervals from 13 h onwards, which is still in the light period and 3 h before the beginning of cytokinesis. The start of cytokinesis, and therefore the completion of the first mitosis, was scored by microscopically observing, at 30 min intervals, the percentage of cells with a cleavage furrow. Fig. 3 shows that 50% of the cells were engaged in their first cytokinesis at 17.6 h, with a standard deviation of 1.3 h. The start of hatching (zoospore release) was 21 h, with a midpoint of release at 23.2 h and a standard deviation of 0-7 h (Fig. 3) .
To further analyse the synchronization of the cell cycle, Northern blots containing RNA isolated at 2 h intervals were hybridized with three control DNA probes : rubisco SSU (Goldschmidt-Clermont & Rahire, 1986), histone H4 (Philipps et al., 1986), and P-tubulin (Youngblom et al., 1984) . Fig. 4 shows that the decline in rubisco SSU mRNA level started 1.5 h before the end of the light period. This suggests that the expression of this gene is cell cycle dependent. P-Tubulin mRNA levels were elevated during cytokinesis, coinciding with the construction of the mitotic apparatus. The tightly regulated expression of histone H4, which is associated with chromosome replication, illustrates that the cells were dividing synchronously in the dark.
Mating competence and agglutinin production
Although gametogenesis is induced by nitrogen starvation in C. reinhardtii cells, recent results implied that zoospores in synchronous exponential-phase cultures of Zoospores Time (h) Fig. 4 . Northern blot analysis. Total RNA (1 5 pg) from cells harvested at 2 h intervals during the cell cycle was glyoxylated, separated on a 1 % agarose gel, and transferred to a nylon filter. Blots were hybridized to 32P-labelled DNA probes of C. reinhardtii rubisco SSU and P-tubulin, and to Zea mays histone H4 DNA. mRNA sizes are indicated. C . eugametos pass through a phase of mating competence as a regular part of the cell cycle (Zachleder et al., 1991) . To investigate this further, young daughter cells at 24 h were compared to gametes obtained by flooding plate cultures. In contrast to plate gametes, zoospores did not agglutinate with gametes of the opposite mating type. Also, no zygotes were found in mating competence tests (Table 1) . Zoospores were not mating competent during the dark period or at 1-5 h in the light period. However, lack of agglutination does not prove the absence of the agglutinin molecule. This gamete molecule in C. eugametos mt-is a high-molecular-mass hydroxyproline-rich glycoprotein (HRGP) localized on the external side of the flagella and cell body membrane , 1990) . This is illustrated by the fact that C. eugametos gametes have an endogenous rhythm in agglutinability and mating competence, while the amount of biologically active agglutinin in cell extracts is invariant (Demets et al., 1987) . To determine if the agglutinin molecule was present in the extracellular matrix, the cells were extracted with 2 M-GTC, and the extracts tested for biological activity with the charcoal assay (Musgrave et al., 1981) . Biological activity was observed in the gamete-derived extracts, but was below detection limits in zoospores (Table 1) . To exclude the possibility that the agglutinin in zoospores was present intracellularly, the cells were also extracted with SDS. Again no activity could be demonstrated in the zoospore extract (Table 1) .
To determine if an inactive form or precursor of the agglutinin might be present, the agglutinin was purified by HPLC gel-filtration of 2 M-GTC and 1 % SDS extracts (Musgrave et al., 1981; Samson et al., 1987) . Fig. 5 depicts the elution profiles of GTC extracts of zoospores and gametes. Equivalent amounts of cell extract were analysed. The agglutinin was detected only in gamete extracts as a peak eluting at 8-45 ml in either SDS or comparable with C. reinhardtii grown at similar growth rates. Loss of synchronization, as apparent from a delay in the start of division or absence of division, occurred at cell concentrations above 5 x lo5 ml-l.
Microscopical observation of cytokinesis indicated that the first mitotic division starts at 17.6 h. The rise in P-tubulin mRNA preceded this time point and maximal levels were reached during cell division, as has been shown for light/dark-synchronized cultures of C. reinhardtii (Ares & Howell, 1982; Nicholl et al., 1988; Schloss, 1990 ). In C . eugametos maximal accumulation of fl-tubulin mRNA coincided with histone H4 mRNA accumulation, defining the time when DNA synthesis and cell division take place. Levels of mRNA for rubisco SSU decreased before cell division and remained low until the next light period.
The production of a sticky substance is followed by clustering of cells and precedes cell division in synchronous suspension cultures of C . eugametos (Fig. 3) . Demets et al. (1985) reported that in partially synchronous, stagnant suspension cultures of C . eugametos, only cells that were going to divide settled. Therefore, the function of the sticky material might be to immobilize the cells during division.
Because at the end of the cell cycle the sporangial cell wall is degraded by a sporangial lysin, whereas the zoospore cell wall is insensitive (Waffenschmidt et af., 1988), we expected to find changes in cell wall composition. The immunological properties of the sporangial cell wall are different from those of zoospores as determined by immunofluorescence assay (Musgrave  et a!., 1983) . However, analysis of the soluble part of the cell wall by SDS-PAGE followed by periodic acid Schiff staining at 2 h intervals during the cell cycle did not reveal major differences (results not shown). Therefore, the immunologically detectable changes in the cell wall do not seem to be correlated with the synthesis of different glycoproteins.
Jn C. reinhardtii, gametogenesis occurs during cell division in the absence of nitrogen (Sager & Granick, 1954) . The gamete-specific agglutinin is synthesized at the time of synthesis of the extracellular matrix of the daughter cells (Hunnicutt & Snell, 1991) . In partially synchronous cultures of C . eugametos, gametes were observed only at the end of exponential growth due to a deficiency of nutrients other than nitrate. A gametogenic division occurred just before the culture entered stationary phase (Tomson et af., 1985) . Recently, zoospores of C. eugametos were described to behave like gametes (Zachleder et al., 1991) . The gametic stage was suggested to be a regular part of the cell cycle in synchronous exponen tial-p hase cultures, which were supposedly growing under conditions without nutrient limitation.
Using the same strain as used by Zachleder et a!. GTC extracts. The biological activity of the fractions was measured. Whereas the gamete extracts contained biological activity, no activity could be detected in the zoospore-derived fractions. Pooled HPLC purified fractions from 6.0 mi to 9-0 mJ in the elution profile of 2~-G T C extracts were alsa analysed by Western blot methods using mAb 66.3, a monoclonal antibody that recognizes the mt-agglutinin of C. eugametos (Homan et a/., 1988) . The agglutinin molecule was detected in gametes but not in zoospores. Therefore, we conclude that under the prevailing growth conditions no agglutinin is present in zoospores released from sporangia. Interestingly, however, two molecules with higher mobilities on SDS-PAGE binding mAb 66.3 were consistently detected in zoospores (Fig. 6) .
Discussion
The degree of synchronization of Chlamydomonas is dependent on growth rate. Cells divide more synchronously at high growth rates (Lien & Knutsen, 1979) . Our results with C . eugarnetos show a narrow synchronization (1991) we were unable to observe gametes in our synchronous exponential-phase cultures. These results indicate that cell division in C. eugametos is not necessarily gametogenic. Gametogenesis in synchronous exponential-phase cultures might occur as a consequence of the culture conditions used by Zachleder et al. (1991) . The main differences from our growth conditions are the culture medium used (Kates & Jones, 1964) , which contains similar nitrogen equivalents, the large mass of cells that had accumulated at the end of the light period, and the dilution with fresh medium at the beginning of each light period. We did not observe agglutinability of zoospores in culture medium of Kates & Jones (1964) (results not shown). In the growth regime chosen by Zachleder et al. (1991) large masses of cells had accumulated at the end of the light period (equivalent to lo7 cells ml-l at the end of the subsequent dark period). This might result in a nutrient depletion at the end of the light period causing a gametogenic division. At the beginning of the following period the cells were diluted to a concentration of lo6 cells ml-l by addition of fresh culture medium. After dilution in fresh medium, gametes would then dedifferentiate into vegetative cells, and again undergo gametogenesis at the end of the cycle. Dedifferentiation of Chlamydomonas gametes upon addition of a nitrogen source has been documented by Kates & Jones (1964) . We propose, therefore, that the cyclically occurring gamete phase observed by Zachleder et al. (1991) is not a regular part of the cell cycle, but probably represents a shunt which comes into operation only under specific growth conditions.
Comparison of zoospores and gametes revealed two components present in the zoospore extracellular matrix which cross-reacted with mAb 66.3. These components are absent in the gamete extract, suggesting that they are not general cross-reacting components of the cell wall, but development-specific HRGPs. As mAb 66.3 crossreacts with several other HRGPs (Homan et al., 1988) , the HRGPs detected in zoospores are not necessarily related to the agglutinin.
